The distortion, drag and break-up of supercooled drizzle droplets in aircraft icing was investigated in ambient conditions. An effective efficient computer procedure was developed for the distortion and drag of small droplets, < 1mm, at low Reynolds numbe rs, < 1000, and high Weber numbers, > 10. High-speed videos and photographs were obtained with an improved high-intensity LED strobe. Experimental measure ments validated the drag model for droplets distorted by a rapidly accelerating airflow in a convergent wind tunnel. To prevent droplet coalescence, due to wake interactions, droplets were generated with a steady jet impinging of a rotating slotted disk. 
= Density ratio Unless otherwise indicated the droplet dimensionless groups assume the VeD, or D, the velocity difference between droplet and air, Abs(U a U d ), and the local air properties, ρ a , a .
I. Introduction
As part of ongoing research into aircraft icing with supercooled drizzle droplets 1 , 100 m to 500 m, particular attention has been given to determining the distortion, drag properties and break-up of these droplets by measurement and imaging. This has been a substantial challenge because of the small size and high-speed of the droplets. For this droplets were generated and injected into an accelerating airflow in a convergent wind tunnel Another objective was to derive an improved model for the drag of small droplets distorted by strong aerodynamic forces. Experimental measurement were then required to determine the effect of droplet distortion on drag properties and verify the model.
II. Droplet Distortion and Drag Model
The drag of oblate distorted water droplets can be much greater than for spherical particles of the same mass and volume because of the increased frontal area and also the more acute radius at the droplet equator. A requirement was to develop an efficient, effective, practical model of the distortion and drag of small droplets, < 500 m, at high Weber numbers, We > 10. A previous model of droplet drag characteristics 1 determined a drag correction factor relative to that of a sphere at the same Reynolds number. While reasonable for many conditions, the model had a number of issues. 1. The reference sphere drag data of Maybank and Briosi 2 had significant discrepancies with other data 3 . 2. The high-order curve fitting caused increasingly greater correction discrepancies for We > 12. 3. The model was not dependable for lower Reynolds numbers, Re < 1000. This resulted in a radical re-evaluation of how available drag and distortion data could be used to derive an effective drag model for small water droplets in air at high Weber numbers and/or low Reynolds numbers. The full details of the model are beyond the scope of this paper and are presented elsewhere 4 . This depended on the drag properties determined from the terminal velocity of free-falling droplets in ambient air and standard gravity. Such experiments 2, 5, 6 provided data accurate to within one percent. The limitations of this data were that it was only available for We < 10 and for a specific range of diameters and Reynolds numbers that were not appropriate for aircraft icing with freezing drizzle. The terminal free-fall velocity of water droplets tended to a maximum of just over 9m/s and also the parameter group We 2 /Bo, which is independent of droplet size, tended to an asymptotic limit of 14.75, as shown in Fig 1. The equation obtained for this are given in Appendix 1. Equilibrium analysis of approximate models for highly oblate intact droplets showed that We 2 /Bo tends to a similar limit as We → . At very low values, We < 2 x10 -3 , Re < 10, the droplets had slightly less drag than a rigid sphere, probably due to internal flow caused by the viscous drag. From this relationship, given in Appendix 1, it was possible to calculate the drag for droplets of several mm diameter, since where the Weber number has a significant effect, We > 3, the Reynolds number only has a weak effect. For smaller water droplets, <1mm diameter, both the Weber number and Reynolds number can have a significant affect on the drag characteristics. For aircraft icing with freezing drizzle it is necessary to determine the distortion and drag of supercooled water droplets between 100 m and 500 m, where there can be a substantial effect from both Reynolds number and Weber number. It would appear that there is little directly relevant accurate data on the drag characteristics of such small droplets . The numerical solution for a sessile droplets on a horizontal unwettable surface, shown in Fig 2, was also found to be an adequate approximation, with a sufficiently similar shape to a free-falling droplet at the same Bond number. An evaluation of droplet distortion indicated that the Bond number was the primary parameter that determines this. Drag data was also available for spheres and disks, as shown in Fig 3. For disks there were two different curves 7, 8 . The dashed line, Disk*, was from Massey 8 and others, while the solid dark green upper line, Disk, was from Nakayama 7 and others.
Experiments with a freely sinking, slightly dished, aluminium disk in water agreed with Nakayama for stable motion and Massey for rocking motion. Stable droplet motion was assumed, so the Nakayama data was adopted, but this needs further experimental verification. The data for spheres in Fig 3 was from Clift, Grace and Weber 3 . The fitted disk drag equation is given in Appendix 2. The assumption made was that a droplet at a given Bond number distorted to a given shape that was acceptably independent of Reynolds number. The drag coefficient for this could then be considered an interpolated combination of the drag coefficient for a sphere and disk with same Reynolds number, for the equatorial diameter. It was also assumed that for a given oblate shape the interpolation factor for the drag coefficients, for the equatorial diameter, would also be adequately independent of Reynolds number. Two options for calculating the oblate aspect ratio for the droplet distortion are given Appendix 3. The first is for free-falling droplets 3 and the second for a sessile droplet, as shown in (2) Where k is the interpolation factor Ci is the interpolated drag coefficient Cs is the Sphere drag coefficient Cq is the Disk drag coefficient. The interpolated drag coefficient, Ci, applies to the equatorial diameter of the distorted droplet. In practical engineering applications it is preferable to know the drag coefficient, Cd, in terms equivalent spherical diameter, D, rather than the equatorial diameter, De. This is simply achieved by taking account of the relative projected areas, so that;
3) It can be seen from Fig 4 that the interpolation factor depends on which model of droplet distortion is used. In practice this has little effect on the drag result, typically < 1%, providing the same distortion model is used to both determine and apply the interpolation factor. This is because the interpolation is only used to achieve a correction for Reynolds number, while the primary drag data is provided by the droplet free-fall terminal velocity 2, 6 . To calculate droplet distortion it was first necessary to determine the Bond number from the Weber number. This can only be directly achieved for free-falling droplets, using the equations in Appendix 1. For other droplets sizes it is necessary to iteratively adjust the Bond number for equality with the Weber and Reynolds numbers. A rapidly converging iterative procedure for this is given in Appendix 6. For this iteration it was necessary to determine the interpolation factor, k, using the procedure given in Appendix 5. The resulting relationship between Bond number and Weber number is shown in Fig 4 for two sizes of droplet, 250 m and 50 m. It can be seen that at high Weber numbers the drag for the 250 m droplet is similar to the free-fall droplet, but the difference is more significant at lower Weber numbers. For 50 m droplets the Reynolds number correction had a more significant effect. The calculated and experimental results are compared in Fig 17. 
III. Experimental Verification
To experimentally validate the drag characteristics of distorted droplets it was necessary to be able to measure the Weber number, Reynolds number and Drag coefficient of the droplets. This required the ability to apply the necessary aerodynamic forces to the droplets and then record the resulting response. This was achieved by injecting droplets into an accelerating airflow in a small convergent wind tunnel 1 , shown in Fig 5. A critical part of this was to determine the aerodynamic force acting on the droplets, from which the drag coefficient could be determined. The force on a droplet in free-flight could not be directly measured, so the method used was to determine its acceleration. This required mono-dispersed droplets of calibrated mass to determine the drag force. To allow the necessary observations and measurements to be carried out three facilities were required;
1. Droplet generation and conditioning 2. Droplet visualisation 3. Measurement of droplet motion
IV. Droplet Generation & Conditioning
The droplet generator was as explained in a previous report 1 , but this has since been streamlined for use inside the convergent wind tunnel of Fig 5. The transparent square convergent section of the tunnel was 520mm long. This had an electronically controlled suction fan, shown in the lower left inset of Fig 5. The generator produced a calibrated stream of mono dispersed droplet, shown in the top row of Fig 6(a) , however the airflow along the droplet stream, needed to apply the acceleration force, resulted in aerodynamic wake interactions which caused the droplets to clump together and coalesce, as shown in the 2 nd and 3 rd row of Fig 6(a) . This generation method resulted in both an excess number and irregular size droplets, which significantly degraded the measurement fidelity. To circumvent this an alternative method of generating the droplets was developed. In this a continuous laminar jet was directed at a spinning slotted disc, shown left in Fig 7(a) . This periodically allowed through a short length of the jet, shown right in Fig 7(a) , which subsequently formed droplets. This resulted in a stream of droplet, with a VMD of about 250 m, as shown in Fig 7(b) . It can be seen that these have the necessary spacing and spread, however the droplet size was quite variable. Since the method of determining the droplet acceleration did not allow simultaneously measurement of droplet size, the variability in the droplet size caused appreciable variability of the measured drag coefficient. This reduced the fidelity of the measurements, although the average result was still of significant value. Improving the droplet generator to achieve suitable spacing of accurately calibrated mono-dispersed droplets is a primary tasks for future research.
V. Droplet Imaging
The basic principles were considered in a previous paper 1 . In this the light from a pulsed LED (Light Emitting Diode) was focussed by a condenser lens onto the aperture of the imaging lens, as shown in Fig 8, to provide bright field silhouette illumination of the droplets. While the method was able to produce droplet images, it lacked the necessary short flash duration, flash intensity and field of view.
A much improve LED strobe light was developed. This used high-power, high-frequency MOS-FET transistors to drive a high-intensity LED. This enabled a flash duration down to 50ns at 100kHz for high-speed video imaging. By using high-quality aspheric condenser lenses it was possible to achieve a field of view of up to 80mm diameter For single shot images it was possible to pulse the LEDs with 15A current for 50ns from a 60V source. The resulting very rapid change in current required careful circuit design and layout. For high-speed videos the pulse current was limited to 5A. The resulting flash unit shown on the left in Fig 12 mounted on the tripod. This had an externally triggered internal adjustable pulse generator to control the flash duration. To test the speed of the flash light a length of fine wire was attached to the shaft of a motor and whirled around with a tip speed of 100m/s. The tip of this was then photographed with a single flash of various durations, from 50ns to 1 s. The results are shown in Fig 9. It can be seen that there was no noticeable motion blur for flashes of 200ns, or less. Figure 10 shows a typical high-speed video image sequence of a droplet splash taken in the Cranfield vertical tunnel using the LED flash unit. The same illumination method was used for Figs 6(b) and 7. Figure 11 shows the droplet stream, surrounded by a cloud of fine spray, injected into to the wind tunnel, using the spinning slotted disc generator, with the surplus water falling from the droplet generator. Figure 12 shows the high-speed video imaging arrangement. The LED strobe unit is on the left and Phantom V7 video camera is on the right. At the time of writing these images were still being analysed and it was not possible to give specific details about the conditions.
VI. Droplet Measurements
A primary objective of the research was to experimentally determine the drag properties of distorted droplet in order to validate the droplet model. The method used, which was previously presented 1 , is shown in Fig 16. In this a droplet is detected by photo detectors as it intercepts three equispaced, parallel and coplanar laser beams. The droplet velocity and acceleration were determined from the time intervals between the resulting pulses from the photo detectors 4 . The full equations for determining the velocity and acceleration are given in Appendix 4. The rate of change of acceleration, or Jerk, can affect the measurements, but cannot be determined using the detector, which requires four laser beams. It is, however, possible to evaluate the Jerk from other measurements, or from a simulation of the droplet motion. If the measurements were taken from video images, at equal time intervals, then ∆T 1 = ∆T 2 and = 0. In practice the detector was constructed so the laser beams had equal spacing, hence ∆X 1 = ∆X 2 and α = 0. It was inevitable that there would be some asymmetry in the spacing of the laser beams. Typically the minimum difference between the time intervals was about 10%. To achieve an acceleration accuracy of 2% with a beam spacing of 25mm required that the middle beam had to be within 25 m, or 0.01%, of the central position between the two outer beams. The diode lasers were supported on adjustable screws at either end, so they could be accurately aligned on a calibration rig. This was a milling machining slide-way with digital readouts of 1 m resolution, which enabled the beams to be aligned within 10 m, To further eliminate any error due to unknown beam misalignment, the block holding the diode lasers could be inverted, so reversing any asymmetry errors. Hence averaging results from the normal and inverted orientations would cancel such errors. Figure 17 shows results for 250 m water droplets from the droplet drag model and experimental measurements.
VII. Predicted and Measured comparison of Droplet Drag
These are shown as the Bond number against Weber number, which represents the droplet drag force with respect to aerodynamic pressure. The drag coefficient for the VeD can be obtained from; Cd = 4 / 3 Bo / We (4) A difficulty with the experimental measurement was that of maintaining calibrated monodispersed droplets. As it was not possible to simultaneously measure the droplet size with the velocity and acceleration this resulted in appreciable experimental variability, as can be seen in Fig 17. Typically there was about 7% variance in the Weber number and about 15% variance in the Bond number, as indicated by the error bars on the average values. 
E. Appendix 5
Calculation procedure for the drag interpolation factor for free-fall water droplet data at a given Weber number. In this paper the calculation procedure in Appendix 5, "Calculation procedure for the drag interpolation factor for free-fall water droplet data at a given Weber number", was not as intended, although it was not necessarily incorrect. It was too late to amend the paper, so this Addendum was written and attached to clarify the issue.
In calculating the drag of a distorted droplet, using interpolation between the drag of a sphere and disk, it is essential to clearly differentiate to which situation the parameters apply. In calculating the interpolation factor these have to be applied to the free-fall droplets. Confusion arose because the same Weber number was used for both the free-fall droplets and the small droplets being analysed to determine the interpolation factor using the procedure in Appendix 5. What was intended was that the same Bond number should be used in both cases. This is because it was found that the droplet distortion primarily depended on the Bond number, which was then used to determine the distortion, with one of the distortion models, from which the intermpolation factor was calculated using droplet free-fall data. At this stage of development there are issues and uncertainties about the best way to implement this interpolation method from available data. This will be resolved with better experimental data and more exact direct numerical simulation, which will also require experimental validation.
A difficulty in computing Weber number from the Bond number is that the data for free-falling droplets, Appendix 1, determines Bond number from the Weber number. The inverse is, however, required, to obtain the Weber number from the Bond number. From the available formulation this requires an iterative procedure and the resulting Excel VBA macro procedure for this is given below, although some simplifications have been made.
G. Appendix 5 (Ammended)
Private Function DragInterp(We, Bo, s%, c%, d%, o%) ' From an Excel VBA macro in Visual Basic ' Obtain interpolation factor between Sphere and Disk drag data using data for free-falling droplet data. ' We Weber number for droplet being analysed ' Bo Bond number for droplet being analysed ' s% selects drop shape option, 1 Clift, 2 Sessile drop ' c% selects disc drag option, either from Nakayama & Boucher 7 (Appendix 2), or Massey 8 . ' d% selects sphere drag option, option 6 is from Clift, Grace and Weber 
